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Within the last two decades, Prymnesium parvum (golden algae) has rapidly spread into
inland waterways across the southern portion of North America and this organism has
now appeared in more northerly distributed watersheds. In its wake, golden algae blooms
have left an alarming trail of ecological devastation, namely massive fish kills, which are
threatening the economic and recreational value of freshwater systems throughout the
United States. To further understand the nature of this emerging crisis, our group inves-
tigated the chemical nature of the toxin(s) produced by P. parvum. We approached the
problem using a two-pronged strategy that included analyzing both laboratory-grown
golden algae and field-collected samples of P. parvum. Our results demonstrate that
there is a striking difference in the toxin profiles for these two systems. An assemblage of
potently ichthyotoxic fatty acids consisting primarily of stearidonic acid was identified in
P. parvum cultures. While the concentration of the fatty acids alone was sufficient to
account for the rapid-onset ichthyotoxic properties of cultured P. parvum, we also detected
a second type of highly labile ichthyotoxic substance(s) in laboratory-grown golden algae
that remains uncharacterized. In contrast, the amounts of stearidonic acid and its related
congeners present in samples from recent bloom and fish kill sites fell well below the
limits necessary to induce acute toxicity in fish. However, a highly labile ichthyotoxic
substance, which is similar to the one found in laboratory-grown P. parvum cultures,
was also detected. We propose that the uncharacterized labile metabolite produced by
P. parvum is responsible for golden algae’s devastating fish killing effects. Moreover, we
have determined that the biologically-relevant ichthyotoxins produced by P. parvum are
not the prymnesins as is widely believed. Our results suggest that further intensive efforts
will be required to chemically define P. parvum’s ichthyotoxins under natural bloom
conditions.

© 2010 Published by Elsevier Ltd.

* Corresponding author. Natural Products Discovery Group, Depart-
ment of Chemistry and Biochemistry, 620 Parrington Oval, Room 208,
University of Oklahoma, Norman, OK 73019, USA. Tel.: +1 405 325 6969;
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1. Introduction

The marine haptophyte Prymnesium parvum (division
Haptophyta, class Prymnesiophyceae) (Andersen, 2004),
which is commonly referred to as ‘golden algae’, has played

0041-0101/$ - see front matter © 2010 Published by Elsevier Ltd.
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causal roles in scores of massive fish Kkills in coastal marine
and high-to-moderate salinity inland waterways
throughout the world (Edvardsen and Imai, 2006; Guo
et al, 1996; Kaartvedt et al, 1991; Reich and Aschner,
1947; Sabour et al, 2002). In the mid-1980s, the first
reported cases documenting the entry of P. parvum into
North America were marked by multiple large fish kill
events in southern Texas, USA (Lopez et al., 2008; Sager
et al., 2007). Even more troubling was the realization that
P. parvum blooms were occurring in moderate-to-low
salinity inland lakes, rivers, and reservoirs, which marked
a disturbing extension in the range of suitable P. parvum
habitats (Baker et al,, 2009). Consequently, this has caused
considerable alarm regarding the ecological and potential
human health risks associated with golden algae. Adding to
this concern has been the rapid rate of P. parvum’s disper-
sion across the southern United States, and its northerly
spread (Aguiar and Kugrens, 2000; Hargraves and
Maranda, 2002).

Despite its devastating biological effects, the identity of
the toxic constituent(s) produced by P. parvum has not been
definitively established (Kim and Padilla, 1977; Mariussen
et al, 2005; Ulitzur, 1973; Ulitzur and Shilo, 1966).
A combination of undefined proteolipids (Ulitzur and Shilo,
1970), ceramides (Wright et al., 2005), saponins (Yariv and
Hestrin, 1961), proteinaceous substances (Watson, 2001),
plasma membrane/plastid components (Watson, 2001),
and proteophospholipids (Watson, 2001) have been credi-
ted as responsible for P. parvum’s toxicity. In 1982, Kozaki
and colleagues proposed that hemolysin I (a combination of
galactoglycerolipids) was the P. parvum toxin, but no data
substantiating the hypothesis were offered (Kozakai et al.,
1982). Later in 1996 (Igarashi et al, 1996) and 1999
(Igarashi et al,, 1999), Igarashi and colleagues reported the
structure determination of the high molecular weight
cyclic polyethers prymnesin-1 (C1o7H154C13N0O44) (1) (Fig. 1)
and prymnesin-2 (CggH136CI3NO35). Both these compounds
are potent ichthyotoxins against Tanichthys albonubes with
LCso values of 8 and 9 nM, respectively (Igarashi et al.,
1998). However, none of the prymnesiums have been

prymnesin-1 (1)

Ho OH

GAT 512A (2) Ho&é,o
HO OH _ _ _
GAT 768A (3) 0 v"\,o il
Ho QH i
GAT 770A (4) - e

directly linked to fish kill events and our on-going LC-
ESIMS and toxin isolation studies suggest that these
compounds do not accumulate at lethal concentrations
under laboratory or natural field conditions.

In this study, we used a bioassay-guided approach to
identify some of the ichthyotoxic componentsinlaboratory-
grown P. parvum cultures. These results were compared to
LC-ESIMS and GC-EIMS data obtained for two recent fish kill
and bloom events caused by golden algae. Given the
increasing levels of human contact with P. parvum infested
waters, extracts and pure compounds were also tested
against a human cell line. These data support an important
toxic role for several polyunsaturated fatty acids in
laboratory-cultured P. parvum, but do not fully explain the
organism’s significantichthyotoxicity at natural bloom sites.

2. Materials and methods
2.1. General instrumentation and experimental procedures

HPLC was performed on a Shimadzu preparative
instrument using a SCL-10A VP system controller, SPD-
10AV VP UV-vis detector, LC-6AD pumps, DGU-14A
solvent degasser, and FRC-10A programmable fraction
collector. Samples were separated over a Phenomenex C18
Gemini column (5pum, 110A, 250 x 21.2 mm). Semi-
preparative HPLC was performed on a similar system
using LC-10AT VP pumps and a Phenomenex C18 Gemini
column (5 pm, 110 A, 250 x 10 mm). TOF-ESIMS data were
acquired on a Waters LCT Premier instrument. Corrections
for exact mass determinations were made automatically
with the lock mass feature in the MassLynx software.
Samples for mass determination were dissolved in meth-
anol and introduced for ionization using an auto injector
with a 20 pL loop. Samples for LC-MS were analyzed by
interfacing the HPLC with the ESIMS instrument. GC-EIMS
analyses were carried out on a HP 5890 Series Il gas chro-
matograph and a HP 5971A MS detector using a HP 5
(30 m x 0.32 mm x 0.25 pum) cross-linked 5% pH Me
siloxane column. Optical rotation measurements were

HO' — - — -
stearidonic acid (5)

Hy HO - - - - - M

6

Fig. 1. Structures of P. parvum derived metabolites including prymnesin-1 (1), GAT 512A (2), GAT 768A (3), GAT 770A (4), stearidonic acid (5), and

(32,6292,122,157)-3,6,9,12,15-octadecapentanenoic acid (6).
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performed on an Autopol Il Automatic Polarmeter
(Rudolph Research) at 589 nm and 20 °C in water. NMR
data were obtained on a Varian VNMR spectrometer at 400
and 500 MHz ('H) and 100 and125 MHz (13C), respectively.
All solvents were of ACS grade or better.

2.2. Biological material

P. parvum (UTEX LB2927) was purchased from the
University of Texas algal collection. Cultures were grown in
1L Erlenmeyer flasks containing sterilized COMBO media
with added salts (Kilham et al., 1998) and adjusted to pH
7.8. The cultures were capped with vented stoppers and
bubbled with filtered (0.22 um) air. Cultures were main-
tained under fluorescent grow lights (12 h light/12 h dark
photoperiod) until cell densities reached approximately
~2 % 10 cells/mL as determined with a haemocytometer.

2.3. Extraction and isolation

Several sample preparation and extraction techniques
were tested to identify the best method for extracting the
toxic materials. These methods included extraction of
freeze dried culture materials, liquid-liquid partitioning of
cultures, and extraction of filtered cells. Ultimately, we
determined that liquid-liquid partitioning of the whole
cultures (medium plus cells) using ethyl acetate was the
best method since the ichthyotoxicity profile of the
resulting extract was identical to that of P. parvum water
both in terms of its potency and rapid-onset toxicity. The
ethyl acetate layers from partitioning against 50L of
P. parvum cultures were combined and the organic extract
(~30 g) was subjected to gradient MPLC over HP20SS resin
(30-100% methanol in water with an acetone wash). The
fraction eluting with 100% methanol (680 mg) was found to
retain all of the ichthyotoxic activity. Preparative reversed-
phase HPLC (40-100% acetonitrile in water) yielded a frac-
tion (310 mg) eluting between 75 and 100% acetonitrile
that was ichthyotoxic. '"H NMR and LC-ESIMS performed on
this material showed it contained a variety of poly-
unsaturated lipids and galactoglycerolipids, but was
devoid of any detectable prymnesiums. Fractionation of
this material by semi-preparative reversed-phase HPLC
consistently resulted in sample sets that quickly lost their
ichthyotoxic activities. In addition, many of the 'H NMR
spins representing the presumed polyunsaturated lipid
components showed diminished intensities. After several
failed attempts to stabilize the ichthyotoxic substances, we
turned our focus toward purifying the three most abundant
substances in the fraction. This resulted in the purification
(semi-preparative HPLC eluted with 65-85% acetonitrile in
water) of compounds 2 (75 mg), 3 (3 mg), and 4 (6 mg).

2.4. Enzymatic hydrolysis

For each experiment, a sample consisting of 2-3 mg of
galactoglycerolipid was dissolved by sonicating the
compound in 2 mL of phosphate buffer (pH 7.0) and then
adding a lipase/esterase mixture (Sigma lipase basic kit
62327). The sample was incubated at 30 °C for 36 h after
which the reaction mixture was partitioned against

dichloromethane. After removal of the solvent from the
organic layer in vacuo, the remaining residue was resus-
pended in methanol and immediately analyzed by HPLC for
its fatty acid content by comparison of peak retention times
to authentic standards. For experiments in which the
ichthyotoxicity of hydrolyzed samples were being evalu-
ated, reaction mixtures were not extracted, but instead
were directly added to the bioassay vessels containing
Pimephales promelas. Controls for ichthyotoxicity testing
consisted of heat denatured lipase/esterase mixtures.

2.5. Alkaline hydrolysis

Compounds (2 mg in 2 mL of methanol) were reacted
with 2 mL of 4% (wt./vol.) sodium methoxide in methanol
at room temperature for 30 min. Reactions were neutral-
ized by passing over acidic Dowex 50 W X 8 ion-exchange
resin. The eluents were partitioned between methanol
and hexanes and the methanol-soluble phases were sub-
jected to HPLC separation. 'H NMR and optical rotation data
([2]1*°p —9.3 (c 0.02, water)) were identical to those repor-
ted for (2R)-3-O-[B-p-galactopyranosyl]glycerol (Oshima
et al., 2004). The hexanes soluble material was analyzed
by GC-EIMS and the presence of methyl stearidonate was
confirmed based on comparisons of the samples retention
time and EI fragmentation to an authentic standard.

2.6. GC-EIMS analysis of fatty acids

The examination of lipids was performed using
a method similar to a process described for the trans-
esterification and GC analysis of lipid mixtures (Lepage and
Roy, 1986). Laboratory-grown cultures were prepared for
fatty acid mixture analysis by lyophilization followed by
methanol extraction. After removal of the solvent in vacuo,
100 mg samples of the organic extracts were dissolved in
3 mL of methanol-benzene (4:1) and placed in 1 dram
vials. Acyl chloride (300 pL aliquots) was added to each vial
and the vessels were capped. The mixtures were held at
100°C for 1h with constant stirring. Samples were
neutralized by adding 6 mL of 6% K,CO3 to each vial.
Samples were briefly sonicated and then centrifuged until
phase separation occurred. The upper benzene layers were
removed and the samples were directly submitted to
GC-EIMS. For the culture-derived samples, the following GC
conditions were employed: oven temperature was 100 °C,
injection port and transfer lines were held at 250 and
280 °C, respectively. A thermal gradient was applied as
follows: held at 100 °C for 3 min followed by a 20 °C/min
gradient to 180 °C, a second gradient of 3 °C/min to 225 °C,
and a final gradient of 10 °C/min to 250 °C, which was then
held for an additional 5 min at 250 °C. Due to the greater
complexity of the field-collected samples, we further
optimized the GC-EIMS conditions so that samples were
held at 100 °C for 3 min followed by a 20 °C/min gradient to
a final temperature of 280 °C, which was held for 6 min.

2.7. Ichthyotoxicity assay

Determination of the ichthyotoxic properties of P. parvum
extracts and pure compounds were conducted in accordance
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with EPA-821-R-02-012 (US.E.P.A., 2002) (with the minor
modifications noted below) and were approved by the
University of Oklahoma Institutional Animal Care and Use
Committee (IACUC). Briefly, 90 mL clear glass jars were
loaded with 50 mL of filtered and aged tap water and 10-14
day old P. promelas fry (three per jar) were added and allowed
to acclimatize for 1 h. The jars were randomized and samples
dissolved in 0.5 mL methanol were added to the jars. Controls
consisting of vehicle-only were included in each experiment.
Fish were maintained under 12 h light/12 h dark photope-
riods at24 °C. Due to the rapid rate in which the toxin’s effects
were observed, we monitored fish survivorshipat 30 min,1 h,
24 h and 48 h. We observed that the 1 h mortality counts
were typically indistinguishable from observations made at
24 h and 48 h, Each sample was tested in triplicate and the
results were expressed as the LC5q (the concentration lethal to
50% of fish)+ standard deviation. The LCsqg values were
determined in SigmaPlot v10 (Systat Software Inc) using
sigmoidal dose-response regression analyses with variable
slope parameters. All fish were euthanized at the conclusion
of each experiment.

2.8. Mammalian cytotoxicity assay

Evaluations of mammalian cell cytotoxicity were per-
formed as previously described (Mooberry et al, 2007;
Tinley et al., 2003). Briefly, cells human (MDA-MB-435
human cancer cell line) were plated in 96-well plates and
allowed to adhere and grow for 24 h. Compounds were
dissolved in ethanol and cells were incubated with
compounds for 48 h. The cells were fixed with TCA and
stained with sulforhodamine B. The absorbance was read
with a plate reader at 560 nm. Dose-response curves were
plotted and the ICsq values (the concentration required to
inhibit cell proliferation by 50%) were calculated for each
experiment. Each sample was tested in triplicate in 3-5
independent experiments and results were expressed as
the ICs5g & standard deviation.

3. Results

3.1. Bioassay-guided ichthyotoxin extraction and compound
isolation

We have approached the search for P. parvum toxins
using an ichthyotoxicity-based bioassay-guided method-
ology. The fathead minnow (P. promelas) has served as
a reporter organism for detecting biologically-relevant
toxins in golden algae cultures and samples collected at
two fish Kkill sites along the Oklahoma-Texas (Lake Texoma
- February 2009) and Pennsylvania-West Virginia
(Dunkard Creek - October 2009) borders. Our initial studies
applying a modified Kupchan-partitioning scheme to
cultured P. parvum demonstrated that golden algae toxins
accumulated in the organic layer following water-ethyl
acetate partitioning. Bioassays performed on the dried and
then reconstituted aqueous layer (resolubilized at x1, x10
and x100 its initial concentration) showed that it was
devoid of biologically-relevant ichthyotoxic substances. In
contrast, the x1, x10 and x100 reconstituted ethyl acetate
layer retained the sample’s potent ichthyotoxic properties.

Notably, this extraction method varied significantly from
the elaborate scheme reported for the isolation of intra-
cellular prymnesins (Igarashi et al., 1999).

The ethyl acetate soluble material collected from 50 L of
cultured P. parvum was subjected to MPLC (HP20SS resin,
gradient elution from 30 to 100% methanol in water
followed with a 100% acetone wash). This afforded a single
bioactive fraction (100% methanol) that exhibited rapid-
onset toxicity against P. promelas (note: All fish died
within ~20 min when the extract was reconstituted at x1

its original concentration). We have observed that fishQ2

placed in water taken from highly toxic blooms and
lab-grown cultures exhibit similar toxicological symptoms
that include excessive mucus production near the gills,
hyperventilation, and an impaired righting reflex. These
symptoms usually appear within 10-20 min of exposure to
toxic water and fish typically cease visible movement
within 20-30 min. A similar set of symptoms is reportedly
brought on by eicosapentaenoic acid (Marshall et al., 2003).
The ichthyotoxic sample was subjected to preparative-scale
HPLC (reversed-phase octadecyl silica gel, gradient from 40
to 100% acetonitrile in Hy0) yielding a single bioactive
fraction. The 'H NMR spectrum of the toxic fraction indi-
cated that the sample was composed of several metabolites
exhibiting spins spanning the region from dy 0.5 to 5.5,
which were strikingly similar to data reported for gal-
actoglycerolipid and polyunsaturated lipid toxins previ-
ously isolated from certain unicellular marine organisms
(Fu et al., 2004; Hiraga et al., 2002; Kobayashi et al., 1992;
Stabell et al., 1993) including P. parvum (Kozakai et al.,
1982). Subsequent semi-preparative reversed-phase HPLC
performed on a portion of the bioactive sample yielded
a series of fractions that exhibited greatly diminished
toxicity, which was spread across several consecutive
fractions. However, even after recombining the samples,
the ichthyotoxic properties of the mixed fractions were
substantially reduced (>10-fold loss of toxicity) and all
samples were devoid of activity following brief storage
(dried and held for <24 h at 4 °C). Returning our attention
to the parent preparative HPLC fraction, we found that it
still retained toxicity and so we set about characterizing the
sample’s three major components.

Positive-ion HRESIMS of the purified metabolites
provided quasi-molecular ions [M + Na|t at m/z 535.2842
(caled for Cy7H44NaOg, 535.2883), 791.4678 (calcd for
C45HggNaOqg, 791.4710), and 7934801 (caled for
C45H70Na0Oqg, 793.4867) for metabolites 2 (GAT 512A), 3
(GAT 768A), and 4 (GAT 770A), respectively (Fig. 1). In order
to provide a simple naming scheme for compounds 2, 3,
and 4, we have proposed the use of the term “GATs”
(golden algae toxins) rather than the more lengthy IUPAC
nomenclature. Each GAT is assigned a unique identifier
number based on its molecular weight, which is followed
by a letter code to distinguish isomers from each other.
Accordingly, compounds 2, 3, and 4 have been termed GAT
512A, GAT 768A, and GAT 770A, respectively. Further data
obtained from 1D- (1H and *C NMR) and 2D- (COSY, HSQC,
and HMBC) NMR (Supplementary Information, Table 1),
controlled chemical and enzymatic degradation experi-
ments, and optical rotation measurements of the metabo-
lites and their respective hydrolysis products allowed us to
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Table 1

Determination of the cell density, stearidonic acid concentrations, and ichthyotoxicity of golden algae cultures and water samples collected at recent

P. parvum associated fish kill and bloom events.

Sample P. parvum cells density Stearidonic acid (5) Ichthyotoxic
(x10° cells/mL = SD) content (uM) (yes/no)

7 Day old laboratory culture 82+0.7 58+18 No

12 Day old laboratory culture 13.0+04 312+7.7 Yes

20 Day old laboratory culture 24.0+3.0 95:2-1.23.7 Yes

Bloom event in Lake Texoma, Lebanon Pool 1.2+0.1 0.06 £0.02 Yes
(Feb. 2009)

Post bloom in Lake Texoma, Lebanon Pool Not detected Not detected No
(June 2009)

Fish kill event in Dunkard Creek drainage, 59+15 044 +0.16 Yes
Wana Bridge (Oct. 2009)

Non-fish kill area in Dunkard Creek drainage, Not detected Not detected No

Upper Beaver Dam (Oct. 2009)

confirm the structures of these compounds. The identities
of these compounds were also confirmed by comparisons
of our data with values published in the literature for 2
(Hiraga et al, 2008), 3 (Kobayashi et al, 1992), and 4
(Kobayashi et al., 1992). Surprisingly, 2-4 exhibited no
ichthyotoxicity against P. promelas (up to 430 uM);
however, we did observe modest cytotoxicity for 2 in
a human (MDA-MB-435) cancer cell line (ICso
242+ 5.1 uM).

3.2. Esterase mediated liberation of ichthyotoxic fatty acids

Further consideration of structures 2-4 suggested to us
that GATs might function as protoxins since the poly-
unsaturated O-alkyl esters moieties found within these
metabolites could be readily hydrolyzed resulting in the
release of their corresponding carboxylic acid derivatives.
Similar metabolites have been implicated as potent toxins
against fish (Marshall et al., 2003) and isolated fish cell
lines (Fossat et al., 1999). We hypothesized that esterases,
which are ubiquitous hydrolytic enzymes found in aquatic
ecosystems (Mudryk and Skoérczewski, 2006), could readily
catalyze the release of polyunsaturated fatty acids from the
2-4 (Fig. 2). We tested this by incubating 2-4 with assorted
esterases and this resulted in the liberation of a potent
mixture of ichthyotoxins that included stearidonic acid (5)
and its analog 6 (Fig. 1). None of the controls utilizing heat
denatured esterases showed any ichthyotoxic properties
(Fig. 2). More importantly, tests performed using purified
and commercially available 5 confirmed that the concen-
tration of this fatty acid alone was sufficient to cause rapid-
onset toxicity (LCsg 21.9 £ 6.3 puM; all fish dead in <20 min
at 40 uM) and other distinct pathological features that are
typically observed when P. promelas is exposed to P. parvum
cultures.

3.3. Bioassay analysis of fatty acids

We expanded our testing of 5 to include several of its
derivatives (ie., methyl steridonate, steridonoyl glycine,
and stearic acid); however, none of these compounds were
toxic to fish at concentrations of <40 pM (Fig. 3). An
examination of 16 additional lipids led to the identification
of several other fatty acids that displayed similar or
increased potency against fish (docosahexanoeic acid: LCsq

4.7 £ 1.3 uM; eicosapentaenoic acid: LCsq 23.6 +9.0 uM,
arachindonic acid: LCsg 9.2 + 0.8 uM, and pinolenic acid:
LCsp 18.2+ 5.9 uM) (Fig. 3). These results suggest that
a combination of a carboxylic acid and >2 double bonds in
a Z configuration are necessary to confer ichthyotoxic
properties to fatty acids. Given the modest size of our lipid
library, further speculation regarding the structural
features required to impart ichthyotoxic properties to fatty
acids is not possible at this time. The cytotoxicity of the
lipids was also tested against human cells (MDA-MB-435);
however, none of the compounds inhibited cell prolifera-
tion at concentrations <10 pM.

3.4. GC-EIMS assessment of cultured P. parvum lipids and
comparisons to water from bloom and fish kill sites

Tests performed by GC-EIMS on laboratory-grown
P. parvum enabled us to determine that this organism
produces a complex suite of lipophilic metabolites.
Arepresentative GC-EIMS trace showing the lipid profile of
a 20 day old P. parvum culture is provided in Supplemental
Information, Fig. 1A. The bulk of this mixture was found to
consist of a combination of saturated and unsaturated Cig,
Cq8, Cy0, and Gy compounds. In view of the toxicity data
obtained from tests performed with our lipid library
(Fig. 3), we conjecture that in addition to 5, some of the
other polyunsaturated Cyp and Cz; metabolites might
contribute to the ichthyotoxicity profile of cultured
P. parvum.

We also assessed the quantity of 5 in cultured P. parvum
since this compound represented one of the most prevalent
(second only to myristic acid) substances in the mixture
and we were able to secure authentic samples for analytical
comparisons. A seemingly positive correlation was
observed between P. parvum cell numbers, the concentra-
tion of 5 in cultures, and toxicity of culture water against
P. promelas (Table 1). Specifically, we noted that as the cell
densities of P. parvum cultures approached 10° cells/mL, the
levels of 5 significantly exceeded the compound’s LCsg
value (Table 1). Next, we compared the results from
cultured golden algae with data from field-collected water
samples obtained from recent fish kill/bloom sites. We
immediately discerned two substantial differences
between laboratory-grown golden algae and field samples
taken from recent blooms: 1) the cell density for wild P.
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GAT 512A (2)

mixture of esterases

0] OH
HO 0\/5‘\,0"'

OH

D-isofloridoside
fish: not toxic
human cells: not tested

stearidonic acid (5)
fish: LC5021.9 £ 6.3 pM
human cells: not toxic at 10 pM

mixture of
heat denatured
esterases
HOOH
S S
HO O\;\/O
OH
GAT 512A (2)

Fish: not toxic
human cells: IC55 24.2 £ 5.12 pM

4% NaOMe/MeOH

methyl stearidonate
fish: not toxic
human cells: not toxic

Fig. 2. Assessment of the ichthyotoxicity and mammalian cell cytotoxicity of compounds obtained from the enzymatic hydrolysis of compound 2. Incubation of 2
with a lipase/esterase mixture resulted in the liberation of p-isofloridoside and 5, which was ichthyotoxic. Conversion of 5 to its methyl ester derivative 6 resulted
in the complete loss of ichthyotoxicity. Incubation of 2 with a heat denatured lipase/esterase mixture yielded unconverted 2, which was not toxic to fish, but did

exhibit modest cytotoxicity toward mammalian cells.

parvum populations did not reach the same high levels
achieved in laboratory cultures and 2) the concentration of
5 was proportionally reduced. While our analysis of field-
collected samples did confirm the presence of 5 at bloom
and fish kill events (Supplemental Information, Fig. 1B and
C), its concentrations during these periods failed to reach
toxic levels (<0.5 puM) (Table 1). Interestingly, we did not
detect 5 at nearby non-bloom sites or in water gathered
during non-bloom periods (Table 1 and Supplemental
Information, Fig. 1D). This suggests that 5 may serve as
a chemical marker for impending or on-going P. parvum
blooms.

4. Discussion

Despite our many attempts using LC-ESIMS, direct
injection ESIMS (positive and negative modes), and
bioassay-guided approaches to detect prymnesins (e.g.,
compound 1), we were unable to generate conclusive
evidence that these cyclic polyethers meaningfully
contribute to the ichthyotoxic properties of laboratory-
grown or field samples P. parvum. Instead, a suite of
uncommon polyunsaturated fatty acids and their conju-
gated galactoglycerolipid progenitors have emerged as
important chemical agents that appreciably contribute to
the ichthyotoxic effects of cultured P. parvum. This finding
is supported by a substantial body of anecdotal evidence

and extensive observations concerning the seemingly
mixed lipophilic and amphiphilic properties of semi-
purified and purified P. parvum toxins (Shilo, 1971; Ulitzur,
1973; Ulitzur and Shilo, 1970; Yariv and Hestrin, 1961).
Moreover, the labile nature of the P. parvum’s toxins can be
partially explained based on numerous autooxidative
degradation processes that polyunsaturated fatty acids can
undergo (Schauenstein, 1967; VanRollins and Murphy,
1984). Even if other ichthyotoxic compounds are bio-
synthesized by laboratory-grown P. parvum, the quantity of
toxic fatty acids alone is sufficient to render the cultures
lethal to fish. Although we are unaware of considerable
human health risks attributable to dermal contact, inhala-
tion, or ingestion of galactoglycerolipids and poly-
unsaturated lipids such as 2-6, we recommend that caution
be used while handling concentrated samples of these
substances until further toxicological risk assessment
studies have been conducted.

We are confident that prymnesins are not this organ-
ism’s primary toxin. This assertion is based on several key
observations including: 1) prymnesins were not detected
by LC-ESIMS in cultured or field-collected water samples
where high P. parvum cell densities occurred, 2) bioassay-
guided isolation methods have not provided any fractions
in which '"H NMR or ESIMS have yielded unequivocal
evidence for prymnesins or prymnesin-degradation prod-
ucts, 3) the labile nature of the P. parvum toxin is an
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unlikely characteristic of prymnesins given their described
structures and lack of apparent instabilities. While
preliminary FABMS data hint at the presence of high
molecular weight (prymnesin-like) compounds in certain
P. parvum samples (weak quasi-molecular ions have been
observed between m/z 2100 and 2500; data not shown),
we have not been able to link the occurrence of these
substances with ichthyotoxic effects. Moreover, the quan-
tities of these putative high molecular weight metabolites
fall well below their reported LCsq values (e.g., the detection
limits for FABMS are generally within the low nanogram to
picogram range; the weak intensities of the peaks we have
observed would put the concentrations of these
compounds at levels that are >10-100-fold below their
LCsp values). Instead, our data support the idea that golden
algae produce another, yet uncharacterized ichthyotoxin(s).

Our results are particularly significant in view of the
increasing frequency with which people are becoming
exposed to P. parvum infested waters and the current lack
of concern regarding human contact with this organism
(TPWD, 2007; AGFD, 2009). Although our data provide
convincing evidence for certain fatty acids serving as the
predominant toxins in laboratory-grown P. parvum
cultures, we have not yet determined the identity of the
ichthyotoxic compound(s) responsible for the growing
number of fish kill events in the United States. However, we
cannot rule out the possibility that toxic fatty acids may
exhibit ichthyotoxic effects when administered chronically
to fish at low-dosages. Given the different growth condi-
tions experienced by P. parvum in the laboratory versus in
nature, it is probable that golden algae produce different
toxins under these different conditions. We will continue to
investigate methods for preserving the integrity of the
labile P. parvum toxin (e.g., consideration of pH (Valenti
et al., 2009), free radicals (Marshall et al., 2003), and
possible metal interactions (Moeller et al., 2007)) and we
hope to report these findings in due course.

Acknowledgements

We wish to thank E. J. Remmel, R. M. Zamor, and
B. Allison for technical assistance. Financial assistance
was provided by the Oklahoma Department of Wildlife
Conservation, through the Sport Fish Restoration
Program, Grant F-61-R to KDH and by the University of
Oklahoma Research Council to KDH and RHC. Funding for
the 400 MHz NMR spectrometer upgrades were provided
to the University of Oklahoma Department of Chemistry
and Biochemistry through NSF CRIF MU grant (CHE
0639199).

Appendix: Supplemental information

Supplementary data associated with this article can be
found in the online version, at doi:10.1016/j.toxicon.2010.
02.017.

Conflict of interest

The authors declare that there are no conflicts of
interest.

References

AGFD (Arizona Game and Fish Department), 2009. Golden alga frequently
asked questions. http://www.azgfd.gov/temp/golden_alga_fags.shtml#2
(accessed 1.10.09).

Aguiar, R., Kugrens, P.,, 2000. New and rare chrysophytes from Wyoming
and Colorado lakes. J. Phycol. 36, 1-2.

Andersen, RA., 2004. Biology and systematics of heterokont and hapto-
phyte algae. Am. ]. Bot. 91, 1508-1522.

Baker, J.W., Grover, J.P., Ramachandrannair, R., Black, C., Theodore, W.,
Valenti, J., Brooks, B.W., Roelke, D.L., 2009. Growth at the edge of the
niche: an experimental study of the harmful alga Prymnesium
parvum. Limnol. Oceanogr. 54, 1679-1687.

Edvardsen, B., Imai, I., 2006. The ecology of harmful flagellates within
prymnesiophyceae and raphidophyceae. In: Granéli, E., Turner, J.T.
(Eds.), Ecology of Harmful Algae. Springer-Verlag, New York, pp.
67-79.

Fossat, B., Porthé-Nibelle, ., Sola, F, Masoni, A., Gentien, P.,, Bodennec, G.,
1999. Toxicity of fatty acid 18:5n3 from Gymnodinium cf. mikimotoi: IL
intracellular pH and K* uptake in isolated trout hepatocytes. ]. Appl.
Toxicol. 19, 275-278.

Fu, M., Koulman, A., van Rijssel, M., Liitzen, A., de Boer, M.K,, Tyl, M.R,,
Liebezeit, G., 2004. Chemical characterization of three haemolytic
compounds from the microalgal species Fibrocapsa japonica
(Raphidophyceae). Toxicon 43, 355-363.

Guo, M., Harrison, P., Taylor, F.,, 1996. Fish Kkills related to Prymnesium
parvum N. Carter (Haptophyta) in the People’s Republic of China.
J. Appl. Phycol. 8, 111-117.

Hargraves, P.E., Maranda, L., 2002. Potentially toxic or harmful microalgae
from the Northeast Coast. Northeast. Nat. 9, 81-120.

Hiraga, Y., Kaku, K., Omoda, D., Sugihara, K., Hosoya, H., Hino, M., 2002.
A new digalactosyl diacylglycerol from a cultured marine dinofla-
gellate Heterocapsa circularisquama. J. Nat. Prod. 65, 1494-1496.

Hiraga, Y., Shikano, T., Widianti, T., Ohkata, K., 2008. Three new glycolipids
with cytolytic activity from cultured marine dinoflagellate Hetero-
capsa circularisquama. Nat. Prod. Res. 22, 649-657.

Igarashi, T., Aritake, S., Yasumoto, T., 1998. Biological activities of
prymnesin-2 isolated from a red tide alga Prymnesium parvum.
Nat. Toxins 6, 35-41.

Igarashi, T., Satake, M. Yasumoto, T. 1996. Prymnesin-2: a potent
ichthyotoxic and hemolytic glycoside isolated from the red tide alga
Prymnesium parvum. J. Am. Chem. Soc. 118, 479-480.

Igarashi, T., Satake, M., Yasumoto, T., 1999. Structures and partial stereo-
chemical assignments for prymnesin-1 and prymnesin-2: potent
hemolytic and ichthyotoxic glycosides isolated from the red tide alga
Prymnesium parvum. J. Am. Chem. Soc. 121, 8499-8511.

Kaartvedt, S., Johnsen, TM., Aksnes, D.L, Lie, U, Svendsen, H., 1991.
Occurrence of the toxic phytoflagellate Prymnesium parvum and
associated fish mortality in a Norwegian fjord system. Can. ]J. Fish.
Aquat. Sci. 48, 2316-2323.

Kilham, S., Kreeger, D., Lynn, S., Goulden, C., Herrera, L., 1998. COMBO:
a defined freshwater culture medium for algae and zooplankton.
Hydrobiologia 377, 147-159.

Kim, Y.S., Padilla, G.M., 1977. Hemolytically active components from and
toxins. Life Sci. 21, 1287-1292.

Kobayashi, M., Hayashi, K., Kawazoe, K., Kitagawa, L., 1992. Marine natural
products. XXIX. Heterosigma-glycolipids I, II, III, and IV, four
diacylglyceroglycolipids possessing w3-polyunsaturated fatty acid
residues, from the raphidopycean dinoflagellate Heterosigma
akashiwo. Chem. Pharm. Bull. 40, 1404-1410.

Kozakai, H., Oshima, Y., Yasumoto, K. 1982. Isolation and structure
elucidation of hemolysin from the phytoflagellate Prymnesium
parvum. Agric. Biol. Chem. 46, 233-236.

Lepage, G., Roy, C.C., 1986. Direct transesterification of all classes of lipids
in a one-step reaction. J. Lipid Res. 27, 114-120.

Lopez, CB., Jewett, E.B., Dortch, Q, Walton, B.T., Hudnell, HK., 2008.
Scientific Assessment of Freshwater Harmful Algal Blooms. Inter-
agency Working Group on Harmful Algal Blooms, Hypoxia/Human
Health of the Joint Subcommittee on Ocean Science and Technology,
Washington, DC.

Mariussen, E., Nelson, G.N., Fonnum, F., 2005. A toxic extract of the marine
phytoflagellate Prymnesium parvum induces calcium-dependent
release of glutamate from rat brain synsptosomes. ]. Toxicol.
Environ. Health 68, 67-79.

Marshall, J.-A., Nichols, P.D., Hamilton, B., Lewis, RJ., Hallegraeff, G.M.,
2003. Ichthyotoxicity of Chattonella marina (Raphidophyceae) to
damselfish (Acanthochromis polycanthus): the synergistic role of
reactive oxygen species and free fatty acids. Harmful Algae 2,
273-281.

Toxicon (2010), doi:10.1016/j.toxicon.2010.02.017

Please cite this article in press as: Henrikson, J.C,, et al., Reassessing the ichthyotoxin profile of cultured Prymnesium parvum
(golden algae) and comparing it to samples collected from recent freshwater bloom and fish kill events in North America,

893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953



954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981

TOXCON3809_proof m 2 March 2010 m 9/9

J.C. Henrikson et al. / Toxicon xxx (2010) 1-9 9

Moeller, P.D.R., Beauchesne, K.R., Huncik, K.M., Davis, W.C., Christopher, S.
J.. Riggs-Gelasco, P., Gelasco, AK. 2007. Metal complexes and free
radical toxins produced by Pfiesteria piscicida. Environ. Sci. Technol.
41, 1166-1172.

Mooberry, S.L, Weiderhold, K.N., Dakshanamurthy, S., Hamel, E.
Banner, EJ., Kharlamova, A., Hempel, ]., Gupton, ].T., Brown, M.L.,
2007. Identification and characterization of a new tubulin-
binding tetrasubstituted brominated pyrrole. Mol. Pharmacol.
72, 132-140.

Mudryk, ZJ., Skérczewski, P., 2006. Enzymatic activity and degradation of
organic macromolecules by neustonic and planktonic bacteria in an
estuarine lake. Pol. J. Ecol. 54, 3-14.

Oshima, Y., Yamada, S.-h., Matsunaga, K., Moriya, T., Ohizumi, Y., 2004.
A monogalactosyl diacylglycerol from a cultured marine dinoflagel-
late, Scrippsidla trochoidea. ]. Nat. Prod. 57, 534-536.

Reich, K., Aschner, M., 1947. Mass development and control of the
phytoflagellate Prymnesium parvum in fish ponds in Palestine. Palest.
J. Bot. 4, 14-23.

Sabour, B., Loudiki, M., Oudra, B., Oubraim, S., Fawzi, B., Fadlaoui, S.,
Chlaida, M., 2002. First report on the occurrence of ichthyotoxic
yellow tides of Prymnesium parvum Carter (Haptophyceae) in
Oued Mellah hypertrophic lake (Morocco). Revue des Sciences de
I'Eau (J. Water Sci.) 15, 327-342.

Sager, D, Fries, L., Singhurst, L., Southard, G., 2007. Guidelines for Golden
Alga Prymnesium parvum Management Options for Ponds and Small
Reservoirs (Public Waters) in Texas. Inland Fisheries, Texas Parks and
Wildlife Department - PWD RP T3200-1404 (1/2007). Texas State
Publications Clearinghouse, Austin.

Schauenstein, E., 1967. Autoxidation of polyunsaturated esters in water:
chemical structure and biological activity of the products. J. Lipid Res.
8, 417-428.

Shilo, M., 1971. Toxins of chrysophyceae. In: Kadis, S., Ciegler, A, Ajl, SJ.
(Eds.), Microbial Toxins, vol. VII. Academic Press, New York, pp.
67-102.

Stabell, O.B., Pedersen, K. Aune, T, 1993. Detection and separation of
toxins accumulated by mussels during the 1988 bloom of

Chrysochromulina polylepis in Norwegian coastal waters. Mar.
Environ. Res. 36, 185-196.

TPWD (Texas Parks and Wildlife Department), 2007. Golden Algae in
Texas (document GI-378, 9/07).

Tinley, T.L., Randall-Hlubek, D.A,, Leal, RM.,, Jackson, E.M., Cessac, JW.,
Quada]r, J.C., Hemscheidt, T.H., Mooberry, S.L., 2003. Taccalonolides E
and A: plant-derived steroids with microtubule stabilizing activity.
Cancer Res. 63, 3211-3220.

US.EP.A, 2002. EPA-821-R-02-012-Methods for Measuring the Acute
Toxicity of Effluents and Receiving Waters to Freshwater and Marine
Organisms, 5th ed. US. Environmental Protection Agency, Wash-
ington, DC.

Ulitzur, S., 1973. The amphiphatic nature of Prymnesium parvum hemo-
lysin. Biochim. Biophys. Acta 298, 673-679.

Ulitzur, S., Shilo, M., 1966. Mode of action of Prymnesium parvum
ichthyotoxin. J. Eukaryot. Microbiol. 13, 332-336.

Ulitzur, S., Shilo, M., 1970. Procedure for purification and separation of
Prymnesium parvum toxins. Biochim. Biophys. Acta 201, 350-363.
Valenti, Jr, TW., James, S.V., Lahousse, M.J., Schug, K.A.,, Roelke, D.L.,
Grover, J.P., Brooks, BW.,, 2009. A mechanistic explanation for pH-
dependent ambient aquatic toxicity of Prymnesium parvum Carter.
Toxicon.doi:10.1016/j.toxicon.2009.09.014 article online ahead of print.

VanRollins, M., Murphy, R., 1984. Autooxidation of docosahexaenoic acid:
analysis of ten isomers of hydroxydocosahexaenoate. J. Lipid Res. 25,
507-517.

Watson, S., 2001. Texas Parks and Wildlife Department - Literature
Review of the Microalga Prymnesium parvum and Its Associated
Toxicity. Texas Parks and Wildlife Department. http://www.tpwd.
state.tx.us/landwater/water/environconcerns/hab/ga/literature/
index.phtml (accessed 18.10.09).

Wright, J.L.C., Tomas, C., Satake, M., Alam, N., Schuster, T., 2005. Structure
of several new hemolytic toxins from strains of Prymnesium parvum
isolated from fish ponds in North Carolina. Meeting abstract: 3rd
Symposium on Harmful Algae in the US, Pacific Grove, CA.

Yariv, ., Hestrin, S., 1961. Toxicity of the extracellular phase of Prymnesium
parvum cultures. J. Gen. Microbiol. 24, 165-175.

Please cite this article in press as: Henrikson, ].C., et al., Reassessing the ichthyotoxin profile of cultured Prymnesium parvum
(golden algae) and comparing it to samples collected from recent freshwater bloom and fish kill events in North America,

Toxicon (2010), doi:10.1016/j.toxicon.2010.02.017

982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009





